(one established in the anterior mesenteric vein for dye injection, the other established directly through the portal vein wall for blood collec tion) were easier to maintain patent and properly positioned. Blood flow rate was calculated by computer analysis of indocyanine green dye-dilution curves. For the seven calves for which values were obtained, the body weight in kg; the number of values obtained; and the range, mean and standard error of flow rate in ml/sec for each calf were, respectively: 66, 8, 19.5 -73.2, 51.4 + 6.5; 62, 25, 8.4 -39.3, 17.2 + 1.4; 73, 12,_ 29.3 -73.8, 42.6 + 3.8; 100, 44, 39.9 -100.1, 68.5 + 6.7; 105, 33, 45.7 -130.5, 82.6 + 4.2; 138, 6, 73.8 -82.3, 79.0 + 1.0; and 100, 66, 36.6 -198.6, 102 .5 + 4.5. Flow rate was highly variable among animals and throughout the day and from day to day within animals. The data suggest that flow rate for a given time should be calculated as the average of three to six values obtained within 15 minutes and should not be used to represent the rate at any other time. However, determination of flow rate was usually secondary to other phases of the research, and methods for determining it were not fully developed and perfected. Furthermore, no values have been reported concerning the variability in blood flow rate in a series of determinations made in a short time, throughout the day in any animal, from day to day in the same animal, and in similar animals under different physiological conditions. The purpose of this research was to develop and perfect a method for measuring portal vein blood flow rate and to study variability in the flow rate.
LITERATURE REVIEW
The methods of Sutton et a^. (1962 Sutton et a^. ( , 1963 are similar to those of other workers who have measured absorptive ability of the rumenoreticulum by indirect methods. Rumen contents were replaced by a solution of volatile fatty acids (VFA) and a nonabsorable marker, polyethylene glycol (PEG); absorptive rate was estimated by relating the change in VFA concen tration to the change in PEG concentration in the test solution. Loss of VFA from the solution was assumed to be due primarily to absorption.
However, the total concentration of nutrients in the rumen is controlled by factors which influence changes in rumen volume (Hyden, 1961 ) (saliva tion, rumen outflow, and water transfer across the rumen wall) and absorption rate (concentration, pH, mixing of rumen contents, and blood flow to the rumen). Measuring the simultaneous changes in all of these factors would be extremely difficult if not impossible, and the methods that have been used to control or eliminate the influence of these factors have upset the normal physiological and biochemical activities in the animal. Attempts to measure absorption rates by indirect methods have been complicated further because it is difficult to obtain a representa tive sample of rumen contents from which to determine nutrient concentration.
To avoid the disadvantages of the indirect methods, several research ers have turned their attention to developing methods for measuring absorption rate directly. It generally is assumed that the nutrient absorption rate from a tissue can be determined by measuring the concen tration difference between the arterial blood supplying the tissue and the venous blood draining the tissue (corrected for hemodilution or hemoconcentration); the product of concentration difference times venous blood flow rate equals the nutrient absorption rate. A necessary prerequisite for making this calculation is that the vencas blood flow rate must be constant and known. Since all blood from the gastrointestinal tract enters the portal vein, calculation of accurate values for absorption rate requires measurement of portal vein blood flow rate and nutrient concentra tion in arterial and portal blood.
The indicator-dilution method commonly is used for measuring blood flow rates (Wood, 1962) . Zierler (1958 Zierler ( , 1962 has presented the theoreti cal considerations of this technique. A known quantity of indicator is introduced into the fluid system, and the fluid is monitored downstream to determine the indicator concentration as a function of time. The indi cator usually is introduced by rapid injection, but it can be by continuous infusion. In the portal system, the continuous infusion method incurs analysis problems due to recirculation and hemodilution, and, therefore, only the sudden injection method has been considered further.
Calculation of blood flow rate by indicator-dilution methods depends upon the assumptions that the blood and indicator are thoroughly mixed and that all of the indicator eventually leaves the system. According to Zierler (1962) the rate of flow can be determined as follows;
Let m^ units of indicator be injected at time zero into the entrance to the system, and measure the concentration of indicator at exit as a function of time, c(t). The amount of indicator, dm, leaving the system during a small time interval between time t and time t + dt is the concentration of indicator, c(t), multiplied by the volume of fluid leaving the system during this time interval, and this is the flow, Q, in units of volume/time, multiplied by the time interval, dt; that is, dm = c(t)Qdt.
Because all indicator, m^, must leave the system, m^ equals the sum of the amounts leaving the system durin^ 11 such time intervals, or, 00 00
The unknown flow, Q, through the system is determined by measuring the area under the observed indicator concentrationtime curve and dividing it into the known quantity of injected indicator. Gott et al. (1961) have reported that the indicator-dilution curve consists of two parts; the rising slope which is nearly linear and peaks in a very short time and the descending slope which is exponential.
Furthermore, the slopes vary with the rate of flow and are likely to be different for each determination. If enough points can be measured, the formula of each slope can be calculated and the area under the curve can be integrated for flow rate determination.
Evans blue dye (T-1824), indigo carmine, methylene blue, indocyanine green dye, isotonic saline, I^^^-labelled serum albumin, -labelled red 85 blood cells, nitrous oxide, Kr and other substances have been used as indicators for obtaining indicator-dilution curves (Fox, 1962) . Of these, indocyanine green dye has several advantages which are not all found in any of the others (Cherrich ^ al»» 1960) : it is nontoxic to the animal; it is rapidly cleared by the liver and, therefore, does not accumulate in the plasma; it binds rapidly to the plasma proteins; and its concentration can be determined from optical density values for either plasma or whole blood without the use of elaborate equipment.
In order to obtain dye-dilution curves, catheters must be established and maintained patent in the portal system. Various techniques for venous catheterization have been described (Bensadoun and Reid, 1962; Conner and Fries, 1960; Denton et al., 1953; Jackson et al., 1960; Lewis et al., 1957; Moodie et al.. 1963; Parker et al.. 1963; Schambye, 1955a Schambye, , 1955b Shoemaker et , 1959; and Waldern et al., 1963) , but none of the catheters remained functional for any appreciable length of time. Shortly after insertion, the catheters usually became occluded by a fibrin clot and/or connective tissue sheath which rapidly formed at the tip; usually this formation would allow injection of materials but prevent withdrawal of blood. Moodie et al. (1963) used nylon catheters; Denton et al. (1953) , Parker et al. (1963) and Shoemaker ^ al. (1959) used polyvinyl catheters.
All others used polyethylene catheters. Moodie et al. (1963) used a tubewithin-a-tube arrangement whereby the inner tube could be removed for cleaning and a solid nylon rod could be used to clean the outer tube. Waldern et £l. (1963) left a piano wire in the catheter and used it for cleaning the catheter. Recent reports (Braley, 1966) indicate that medical grade silicone rubber is the material of choice for chronic implantation in the soft tissues; there is less foreign body reaction to this than to other materials, and the body does not react metabolically with it as with some materials, e.g., nylon. However, there is no known report of research where silicone rubber was used for portal catheteriza tion.
In all of the above studies, the catheters were flushed periodically with saline or heparinized saline, and some were then filled with a strong solution of heparinized saline. Details about maintenance of the cathe ters were not always reported. Where details were reported, the catheters were flushed two to four times daily, and, if they were filled at all, 400
to 1000 units of heparin per ml was used for filling (Bensadoun and Reid, 1962; Conner and Fries, 1960; Jackson et al., 1960; Lewis et al., 1957; Moodie et al., 1963; Shoemaker _et al., 1959; and Waldern et aj.., 1963) . Schambye (1955a Schambye ( , 1955b Fegler and Hill (1958) used thermodilution to estimate the portal vein blood flow of anesthetized sheep. A catheter was established in the mesenteric vein, and a thermocouple was inserted via a mesenteric branch or directly through the portal vein wall. Cold saline was injected into the mesenteric vein, and temperature change downstream was monitored with the thermocouple. An average rate was not reported, but flow rate was 30.8% of cardiac output. It was estimated that flow rate in the conscious sheep would be 45.8 ml/(min X kg body weight).
Bensadoun and Reid (1962) used the method of Fegler and Hill (1958) to study the portal vein blood flow of sheep. Feeding caused a great increase in flow rate, but fasting and anesthesia caused depression. The thermodilution method was used because, with saline as the indicator, several consecutive determinations could be made without accumulation of indicator in the blood.
Roe et al. (1966) estimated portal vein blood flow in conscious sheep
by using a continuous-infusion, indicator-dilution method. Catheters were established by the method of Conner and Fries (1960) , and p-aminohippuric acid was used as the indicator. A mean flow rate of 46 ml/(min X kg body weight) was calculated for 25 sheep.
The only published values for portal vein blood flow in unanesthetized calves are those of Fries and Conner (1961) . One polyethylene catheter was established in the mesenteric vein for dye injection; another, with the tip in the portal vein for blood sampling, was inserted via the mesenteric vein (Conner and Fries, 1960) . Evans blue dye was injected, and blood was sampled from the portal vein at about 2 second intervals.
Average flow rate was 37.8 ml/(min X kg body weight) and values ranged from 9.2 to 65.7 ml/(min X kg body weight). Flow rate was greatly depressed for 1 to 2 days after surgery, and excluding these values gave an average of 46.0 ml/(min X kg body weight). Deliberately exciting the animal decreased flow rate from 61.3 to 14.4 ml/(min X kg body weight).
Unfortunately, details about the techniques used in the above studies were vague. Except where thermodilution was used, the indicator-dilution curves were constructed from concentration values of blood samples obtained at intervals of about 2 seconds, and the samples were not taken continuously. Therefore, the accuracy of the calculations is question able, especially if the peak dye concentration occurred less than 2 seconds after the first dye appeared. There was great variation among values for flow rate, but details about such variation were not published.
Most values were obtained from a single determination rather than from an average of several, and values for daily variation and the significance of such variation were not reported.
Portal vein blood flow rate must be measured in order to obtain ac curate values for absorption rate from the gastrointestinal tract of ruminants. Several researchers attempted to measure this rate by indicator-dilution methods, but it was difficult to establish and maintain catheters for dye injection and blood collection. Blood flow rate was highly variable and averaged about 45 ml/(min X kg body weight (Sutton et al., 1963) . Each calf was placed in an adjustable metabolism stall when flow rate was measured. Age, weight, sex, breed and dietary effects were not studied.
Catheters
To obtain indicator-dilution curves, the calves were fitted with one of two types of catheter (Table 1) . Initially, the catheters were modi fied versions (Figure 1: A) of the double-lumen catheters described by Kountz ^ al. (1964) . Two pieces of polyvinyl tubing* (0.150 cm I. D. X 0.232 cm 0. D.) were fused for 32 cm with the tips 10 cm apart. Both tips were cut at 45° to facilitate insertion, and holes were cut through the sides near each tip by means of a sharpened 10 gauge needle shaft. The injection tip was plugged to obtain a retrograde spray injection which enhanced the mixing of dye with blood; the collection tip was open-ended.
In an attempt to prevent clot and sheath formation, some catheters were *Surco Flexible Transparent Tubing -Formulation S-1 Clear, Surprenant Mfg. Co., Clinton, Mass. 4cm.-H '^BONE tip a b coated with a graphite , benzyl alkyl ammonium chloride and heparin (GBH) solution (Gott et al., 1964) . A snug, movable collar was fitted over the catheter for fastening it in the vein. The double-lumen, polyvinyl catheters were established via the anterior mesenteric vein with the collection tip in the portal vein (Conner and Fries, 1960) . About 30 to 40 cm of tubing resided in the vein.
The catheter was exteriorized by the procedure of Dougherty jt a^., 1965.
In order to establish the silicone rubber catheters, an incision about 40 cm long was made over the 12th rib, the periosteum was stripped from the rib, and the rib was removed along with its costal cartilage.
Entrance to the peritoneal cavity was through the rib resection. Care was exercised during this phase of the operation to prevent penetration of the thorax at the dorsal aspect of the incision.
The portal vein, which enters the liver at the portal fissure, was located ventral to the poste rior vena cava and medial to the gall bladder. Location of the portal vein was facilitated by tracing the fissure between the caudate and dorsal lobes of the liver medially and ventrally to its base. This fissure was readily seen upon retraction of the incision. The dorso-lateral surface of the portal vein close to the liver was dissected free of surrounding tissue for about 5 cm. With the bone tip in place, the catheter was forced cranially through the wall of the portal vein. The elasticity of the wall prevented loss of blood through the wound. The catheter was *Fluothane, a halothane anesthetic, Ayerst Laboratories, New York, New York, secured by suturing the rubber disk to the vein wall and suturing the surrounding connective tissue together around the disk. The catheter was then flushed with saline to dislodge the bone tip, and continuous infusion of anticoagulant was begun as described below. The injection catheter was established in the same manner as the double-lumen catheter (Conner and Fries, 1960) ; the objective was to establish the tips about 10 to 15 cm apart. Both catheters were exteriorized directly through the incision ( Figure 2) ; about 30 cm of each was left free in the peritoneal cavity.
After either method of exteriorization, two Polyotlc Oblets^ were placed in the peritoneal cavity and the incision was closed. The exterio rized catheters were fitted to 15 gauge needle hubs, and the needle hubs were attached to BD, MS09-T1, one-way valves (the handles were removed from the valve stopcocks to prevent accidental opening). The valve as sembly was then fastened to the skin with stay sutures (Figure 3) , and the wounds were dusted with Polyotlc Powder^. In order to prevent general in fection, 5 ml of Antibiotic Combination was injected Intramuscularly on the day of surgery and on each of the two succeeding days.
During either method of catheterization, the tubes were continually infused with a solution of 500 ml of 5% dextrose in saline containing 10,000 units of Varizymef and 10,000 units of heparin; about 150 to 250 ml of this solution was Infused during surgery.
®A tetracycline hydrochloride, American Cyanamid Co., Princeton, N.J. ^400,000 units penicillin in dlhydrostreptomycin, 0.5 mg/2 cc, Corvell division of Ell Lilly & Co., Indianapolis, Ind. ^Courtesy of Dr. R. F. Elliott, American Cyanamid Co., Princeton, N.J. Varizyme contains streptokinase, streptodornase and human plasmino gen; the level indicated here and in other parts of the text is that of the streptokinase activity. For two days after surgery, the catheters were flushed at 8-hour intervals.
Subsequently, the catheters were flushed at 12-hour intervals for five days and then at 24-hour intervals. No Varizyme was infused after the second day.
Dye Injection
Indocyanine green dye* was used as the indicator for blood flow rate determinations. The dye was diluted to 5 mg per ml, and 1 ml was injected for each determination. Dye concentration in the blood was calculated from plasma optical density which was determined at 800 m)i in a Bausch & Lomb Spectronic 20 colorimeter equipped with a flow-thru cuvette.
Special, 1 ml injection pipettes (Robinson ^ al., 1955 ) and a variable speed, variable-time injection pump^ were used to achieve rapid dye injection (Figure 4 ). The pump was set to inject the dye and flush 10 ^Cardiogreen, Hynson, Wescott, and Dunning, Baltimore, Md.
^Specially made for high-speed dye injection by Harvard Apparatus Co., Inc., Dover, Mass. 
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ml of saline into the vein in 1.5 seconds; thus, most of the dye was injected in less than 0.2 seconds.
Blood Collection
In the early phases of the research, a Brewer pipetting machine was used to collect 2 ml samples of blood at 2 second intervals. This method did not give enough observations on the dye-dilution curve for accurate analysis, and, therefore, the collection process was refined further.
A sample collector was made after the design of Rothe and Sapirstein (1954) with certain modifications (Figure 4) . A plexiglass disk was made with a well in the center and 60 holes spaced around the perimeter. The disk was attached to a 1 or 2 rpm motor so that a continuous flow of blood into the holes of the rotating disk would give samples at 1.0 or 0.5 second intervals, respectively. Rothe's apparatus was made for collecting arteri al blood under pressure; collecting venous blood necessitated enclosing the disk under a vacuum in order to get samples of adequate size. A sliding, 10 gauge needle hub in the container wall was attached by a tube to the collection catheter. By moving the rod, the blood could be directed into either the center well or the holes around the perimeter. When determining blood flow rates, the blood was directed into the center well until the injection pump was activated; then, the rod was moved over the perimeter, twenty samples were collected, and the blood flow was redirected into the center well. Since only twenty samples were needed for a flow rate determination, one disk was used for three successive determinations. For maximal use of the collecting disk, preliminary studies were made to determine how rapidly the dye appeared in the blood samples after injection.
Two to four samples of blood without dye were collected each time flow rate was determined in order to have a blank with which to set the colorimeter.
To prevent coagulation, a cotton swab soaked lightly with a solution containing 500 units of heparin per ml was dipped into each hole, and the disk was allowed to dry before samples were collected. Immediately after each determination the collection catheter was flushed with saline contain ing 10 units of heparin per ml, and at the end of an experiment both catheters were filled with a solution containing 500 units of heparin per ml. (Atkinson, 1966) . A graphical plot of the data was used to determine which points fitted the rising slope and which fitted the descending slope. On the assumption that the rising slope is linear and the descending slope is exponential (Gott et , 1961) slope, the total area under the curve, the flow rate, and the degree of fit of the data points to the exponential formula were determined.
Calculation of Flow Rate
The method of Lewis (1953) was used to calculate flow rate values against which to compare the computer values.
RESULTS Arm DISCUSSION
Thirty-four calves were used to develop indicator-dilution methods for calculating portal vein blood flow rate. Catheters for injecting dye and sampling blood were established surgically; postoperative recovery was rapid and uneventful, and no infection or other undesirable effects occurred as a direct result of the surgical procedure.
Many catheters had a short functional lifetime, even though they were flushed periodically with anticoagulants (catheters were considered func tional only if blood could be withdrawn) ( Table 1 ). The silicone rubber catheters were patent longer than the polyvinyl catheters. All of the polyvinyl catheters were covered to some extent with a fibrous tissue sheath. The sheath appeared to originate either at the point of insertion, near the catheter tip, or in both places, apparently as a result of injury to the intima. The groove where the polyvinyl tubes were fused usually was well-covered by the sheath, perhaps due to its uneven surface. The holes through the side of the collection and injection tips were especial ly amenable to thrombus and sheath formation. The GBH coating used on some of the polyvinyl tubes was not satisfactory because it flaked off during and after establishment of the catheters. Gott et al. (1964) have indicated that GBH coatings were less effective on flexible plastics than on rigid plastics. There was no noticeable sheath formation on the silicone rubber catheters. In all calves, there were thrombi close to the catheter tips at the time of sacrifice, regardless of the type of catheter used. Neither the presence nor the size of thrombi appeared to be related to any treatment (diet, anticoagulant, length of time catheters had been ^Catheters were considered functional only if blood could be with drawn.
^Calves are identified in this and subsequent tables by herd number.
^Calf bit tube to render it nonfunctional. ^Calf was sacrificed while catheter was still functional.
established, or catheter design). In some cases, a catheter was nonfunc tional for 2 or 3 days but then became functional. Apparently there was a temporary occlusion which was cleared by flushing or movement of the catheter. The reason the silicone rubber catheters remained patent longer is not clear. It may have been due to the difference in chemical composition of the tubing, size of the tubing, design of the catheter, method of establishing the catheter or any combination of these.
With one calf in which the double-lumen catheter was used, the blood flow rate dropped from about 45 ml/sec during the first three days of the experiment to about 15 ml/sec during the next two days. The calf was sacrificed the next day, and it was found that the collection tip was no longer in the portal main trunk. All other calves in which the doublelumen catheters were used were sacrificed after the last determination of blood flow rate, and the collection tip was found to be in the portal main trunk. When it became apparent that the collection tip of the doublelumen catheter (or any catheter established via the anterior mesenteric vein) might move out of the portal main trunk, direct catheterization of the portal vein and separate catheterization of the anterior mesenteric vein was adopted. Having the collection tip secured in the portal main trunk gave greater assurance that the calculated values represented the blood flow rate in that vein. The characteristics of the dye-dilution curves and other factors discussed later indicate that the double-lumen catheter could be used for calculating blood flow rates in other systems where the location of the collection tip can always be determined. Gott et al. (1961) indicated that, with any method of catheterization, the tips should be no farther apart than is necessary to assure thorough mixing of the dye and blood, or the dye-dilution curve will have characteristics different from those described above.
Indocyanine green dye was satisfactory for measuring portal blood flow rate. The dye was rapidly cleared by the liver, and there was no re circulation or buildup of dye in the blood. The blank colorimeter reading was the same for the last determination as for the first, even after 21 determinations in one day or six in 15 minutes. Therefore, blood flow rate could be measured frequently, and several consecutive values could be obtained to increase the accuracy of the mean value calculated for any time period. In the present experiment the indocyanine green dye, which is bound to the plasma proteins rapidly and has an absorption maximum at 800 m|i, was read in the plasma. It can be read, however, in whole blood because the ratio of reduced-/oxyhemoglobin does not influence the back ground optical density (Cherrich £t ajL., 1960) . Consequently, in a densitometer designed for continuous flow of whole blood through the optical system, optical density could be read continuously and directly in the blood being collected (Hanson and Tabakin, 1964) .
With the calibrated dye injection pipettes and the injection pump, rapid injection of a known quantity of dye was achieved. The dye-dilution curves ( Figure 5 ) had characteristics similar to those of the theoretically ideal curve (Gott et al., 1961) , and the variance of consecutive determina tions made in a short time was low. Therefore, the mixing of dye with blood was thorough, and injection was uniform among trials.
With the Brewer pipetting machine, peak dye concentration often for that time was used. In some cases, the peak dye concentration was not greatly different from the value immediately preceding it (points D and E Figure 5 ). On the assumption that the peak value really belonged on the descending slope, then, the value preceding it was used as the second point on the linear slope. If the peak concentration occurred in the first dye sample, the formula for the linear curve was computed by using zero concentration and the peak value. Subsequent points were fitted to the exponential formula.
The assumptions of the computer program appear to be valid for several reasons. The assumption of linearity in the rising slope is Supported by the fact that the peak dye concentration always occurs in the second or third sample in which dye occurs. The fact that only 6 of 174 curves analyzed had an exponential R-square of less than 0.97 (the lowest value was 0.88) supports the assumption of an exponential descend ing slope. Furthermore, there was close agreement between the flow rate values calculated for the same curves by two different methods (Table 2) . (Tables 3,   7 ) were similar to those from which Fries and Conner (1961) calculated an average of 46.0 ml/(min X kg body wei^t). The variation among the values obtained in this study was large. at a given time. Some workers have applied flow rates determined for one animal to research with another. In the present study, flow rate varied greatly from day to day (Table 5 ) and throughout the day (Table 6 ) in the same animal. These data suggest that blood flow rate should be determined Nutrient absorption from the gastrointestinal tract may be determined directly provided the arterio-portal concentration difference of the nutrient(s) (corrected for hemo-concentration or dilution) and portal vein blood flow rate are known. The nutrient concentration and flow rate of the portal vein blood can be determined with the methods developed in this research. Since blood flow rate is a major parameter in making a direct calculation of nutrient uptake and since it appears to vary con siderably within a given animal, it becomes of paramount importance to clearly delineate the nature of this variation and the physiological and biochemical factors which influence portal vein blood flow. (Sutton je^ , 1963 ).
series of determinations was made at 2 to 5 minute intervals beginning at the time listed.
^S_ was not calculated for less than 3 values.
X
^Catheterized with double-lumen catheters. 
